Abstract-The best way to reduce the risk of head injury (up to 69% reduction) is to wear a helmet. In recent years, the improvement of helmet standard tests focused on reproducing realistic impact conditions and including the effect of rotational acceleration. However, less importance has been given to the development of a realistic headform. The goal of this work was to evaluate the role of scalp tissue in head impact kinematics; both with respect to its mechanical properties and with respect to its sliding properties. An EN960 and HIII headform were subjected to linear and oblique impacts, respectively, both with and without porcine scalp attached. Different speeds, impact locations and impact surfaces were tested. Standard linear drop tests (EN960) showed that the scalp reduced the impact energy by up to 68.7% (rear impact). Oblique head impact tests showed how the headform-anvil friction coefficient changes when the HIII is covered with scalp, affecting linear and rotational accelerations. Therefore, the scalp plays an important role in head impacts and it should be realistically represented in headforms used for impact tests and in numerical models of the human head.
INTRODUCTION
Researchers agree that the best way to protect the head in many sports is to wear a helmet. A number of studies have shown that, by absorbing impact energy, 2, 3, 19, 26, 30, 31 the use of a helmet in cycling, for example, reduces the risk of head injuries by 69% and the risk of brain injury by 65%. Currently, sport and automotive helmets are all tested for radial impacts only, except for the BS 6658 and EN 22.05 oblique impact tests for motorcycle helmets. However, recently these tests have come under scrutiny for two main reasons: the first argument is that a radial impact is not representative of the most common impact scenario which is typically an oblique impact. 6, 25, 27, 34 with an impact angle between 21°and 60°depending on whether it is a motorcycling, skiing, equestrian or cycling fall; 15, 25, 34 the second argument is that rotational acceleration is potentially a better indicator of head injury than linear acceleration. This is because the brain is more sensitive to shear forces resulting from rotational and linear acceleration, than to compressive forces due to linear acceleration alone. 12, 13, 18, 21, 22 Another source of debate has been the test impact surface, both in terms of selecting an appropriate material stiffness and coefficient of friction. 1, 15, 24 The coefficient of friction plays an important role in oblique impacts, affecting the rotational kinematics of the headform substantially. A number of researchers have focused their attention on the relative sliding properties between head and helmet, showing that a lower friction decreases the rotational acceleration undergone by the head during the impact, and therefore the risk of head injury. 1, 11, 15, 16 Indeed, this insight has led to the development of new helmet designs which exploit this attribute. Conversely, other works have shown that a lower head-helmet friction, in some cases, increases the rotational acceleration undergone by the head, depending on impact location and angle. 10, 11 Ebrahimi et al. 10 performed oblique impact tests on a bare magnesium headform and then covered the headform with a silicone layer to study how this layer affected the impact mechanics. They tested only one impact location (rear lateral), reporting an increase in rotational acceleration of 89% (anvil 30°) when the headform is covered with a silicone layer. The researchers con-cluded that the material covering the headform, and its sliding properties, are of the utmost importance.
A number of artificial headforms have been developed over the years for different applications: The magnesium EN960, which is mainly used for helmet standard tests; the Hybrid III dummy headform (HIII), initially developed for vehicle crash testing and currently also used in sport biomechanics and military safety; the National Operating Committee on Standards for Athletic Equipment (NOCSAE) headform developed for testing sport helmets; and the Facial and Ocular Countermeasure Safety (FOCUS) headform, developed by the Virginia Tech-Wake Forest Center for Injury Biomechanics, Robert A. Denton, Inc., and the United States Army Aeromedical Research Laboratory, mainly used for safety devices to prevent face and eye injury. The magnesium EN960 does not have an outer layer to simulate scalp tissue. The HIII, NOCSAE and FOCUS headform have an external polymer layer simulating the scalp tissue.
Being the external tissue of the head, the scalp is the first tissue involved in a head impact. It is made up of five principal layers 32 to form the acronym SCALP: Skin, Connective tissue (dense), Aponeurosis, Loose connective tissue and Periosteum. The thickness of the scalp depends on age and location 29 and this value can vary between 3 mm in children and 8 mm in adults. 35 The loose connective tissue, which allows for the movements of the scalp on the skull, is anteriorly connected with the orbicularis oculi muscles, laterally connected to the frontal process of the zygoma, to the superior aspect of the zygomatic arch and over the mastoid process superior to the attachments of the sternocleidomastoid and trapezius muscles, and in the back of the head it fuses with the superior nuchal line. 32 An apparent function of the scalp is to absorb and distribute external forces and to reduce the severity of impacts, by sliding freely over the skull. Only a few works have tried to investigate the effect of the scalp in impact tests; Gurdjian performed experimental tests on cadavers 14 demonstrating that the impact force undergone by the head without the scalp is up to 35% higher than with the presence of scalp, depending on the impact angle between the impact surface and the head; other works used numerical and mathematical models 9, 17, 20 showing that the presence of scalp dampens the magnitude of the impact force by increasing the contact area and the duration of the impact.
The aim of this work is to evaluate the effect of the presence of scalp tissue during both linear and oblique impacts and compare the scalp behaviour with two widely used artificial headforms for impact tests (magnesium EN960 and HIII).
MATERIALS AND METHODS
Experimental tests were conducted at Lazer Sport using a free fall impact machine and two different types of headform, EN960 (magnesium headform) and HIII (Hybrid III dummy head). The EN960 is equipped with 3 accelerometers and it was used only for linear impacts; the HIII is equipped with 9 accelerometers and it was used for oblique impacts. The impact machine is a monorail vertical drop tower (Ad Engineering srl) of 5.5 m height. The headform is placed in an aluminium circular (U-shape for oblique impact) carrier with 8 soft small balls (Fig. 1a ). An automatic hooking system of the carriage keeps the headform in place during the descent. 0.5 m before the impact the hooking system is released. In the anvil holder, a laser pointer tracks the point of impact on the helmet. Data was collected at a rate of 50 kHz and tests were recorded with a high speed camera to monitor the quality of the impact. Since porcine skin is widely accepted as the most accurate model for human skin in terms of anatomy 4, 33 and morphology, 23 porcine scalp was chosen as a substitute for human scalp in the present study. Porcine scalp, obtained from a local abattoir and stored in a freezer at -20°C, was used to cover the headform and it was connected to the headform at the relevant anatomical points of connection using superglue. The thickness of the porcine scalp was between 3 and 7 mm, values comparable with the human scalp (3-8 mm). 35 Both linear and oblique impacts were performed. The purpose of the linear impacts was to determine the energy absorbed by the scalp, while minimizing the effect of the sliding interaction. The purpose of the oblique impacts was to determine the effect of the scalp in a realistic impact where the sliding interaction plays an important role. The effect of three main factors was considered during the tests: impact location, impact speed and impact surface. All the tests were conducted at room temperature. The effectiveness of the scalp was quantified through the evaluation of energy absorption, linear and rotational acceleration, angular velocity and impact time.
Linear Impact
Linear impact tests were conducted using the EN960 full magnesium headform representing the 50th& male head, with/without adding scalp tissue. The EN960 headform is equipped with three accelerometers (measuring range of ± 500 g) placed at the centre of gravity of the headform. The mass of the fully instrumented magnesium EN960 was 4.69 kg. The impact height chosen was of 140 cm, resulting in an impact speed of~5 m/s. A polymeric (modular elastomer programmer MEP made of polyurethane rubber with hardness 60 Shore A) flat anvil (0.5 kg, 130 mm diameter and 30 mm thickness) was used in order to avoid damaging the accelerometers due to a steel-on-steel impact. Four different impact locations were tested: top, front, side and rear as showed in Fig. 1 . The first set of tests was performed using the bare EN960; the second set adding porcine scalp tissue on the headform. Approximately one-third of the headform was covered with scalp. The scalp was glued to the headform around the impact area at the relevant anatomical points to keep the scalp in place during the test. A total of 48 tests were performed, 12 using the EN960 (three repetitions for each location), 36 using the EN960 + Scalp (three scalps per location, three repetitions per scalp).
Values of the linear acceleration in the three different directions are obtained as a result of the impact test. Data was filtered using a Butterworth filter (cut off frequency 1700 Hz) in Matlab and the resultant acceleration between the bare EN960 and EN960 + -Scalp was compared in terms of average and standard deviation. The energy absorbed during the impact was calculated as the difference in kinetic energy between the initial and the final point of the impact. Energy converted in angular momentum has been neglected. The difference between the energy absorbed by the bare EN960 and the EN960 + Scalp represents the energy absorbed by the scalp. In order to calculate the impact time a threshold of 4 g (about 1% of the maximum peak value) was chosen for the starting and ending points. The final velocity was calculated as the integral of the acceleration pulse over the impact time. A two-way ANOVA test was used to compare the maximum peak acceleration, the impact time and the energy absorbed during the impact. A statistical analysis was also performed on the 1st, 2nd and 3rd test performed on the same scalp to evaluate if the scalp was damaged during the impact.
Oblique Impact
Oblique impact tests were performed to replicate conditions closer to realistic impact scenarios. During an impact, the impact velocity is typically not perpendicular to the ground but it is oblique, with an angle between 21°and 60°, depending on the sport. 15, 25 A 45°oblique stainless steel anvil (8.2 kg) and an HIII headform (equipped with 9 accelerometers) representing the 50th percentile male head were used for these tests. The mass of the fully instrumented HIII was 4.54 kg. Two different configurations of the headform were tested, HIII and HIII covered with porcine scalp. Approximately one-third of the headform was covered with scalp. Before placing the scalp on the headform, the vinyl layer of the HIII was covered with tape to reduce the friction between the scalp and the headform. Impact tests were performed in three different locations (Fig. 2) , Xrot, Yrot and Zrot with three repetitions per location. An inclinometer was used to check that the base plate of the headform was horizontal in Xrot and Yrot, and that there was a 20°angle in Zrot. A number of scenarios were tested in sequence ( Fig. 3): (1) the headform was dropped at 3.5 m/s on the oblique anvil without helmet. The speed of 3.5 m/s was chosen so as not to damage the accelerometers. (2) A Roller Lazer Ò helmet was added to the headform; (3) sand paper (grid 40) was glued to the anvil in order to increase the helmet-anvil friction coefficient and to represent a more realistic impact surface; (4) the impact speed was increased to 6.5 m/s.
Using MATLAB, results were analysed in terms of resultant linear acceleration, resultant rotational acceleration, resultant angular velocity, impact time and energy absorbed during the impact. A Butterworth filter (cut off frequency 1700 Hz) was applied to remove noise from the data. The energy absorbed by the headform during the impact has been determined as the difference in kinetic energy between the initial point of the impact and the final point. In this case, the kinetic energy is given by the sum of a linear and a rotational component:
where m is the mass of the headform (HIII mass = 4.53 kg), v is the linear velocity, I is the moment of inertia of the HIII (I yy = 0.0241 kgm 2 , I xx = 0.0159 kgm 2 , I zz = 0.0221 kgm 2 ) 8 and w is the angular velocity. It should be noted that only the energy absorbed by the headform has been calculated in this case because the accelerometer data pertains to the headform. The impact time was calculated considering a threshold of 2 g (about 1% of the maximum peak value) for the starting point and a threshold of 200 rad/s 2 as final point of the rotational acceleration. A multi-way ANOVA test was used to compare the results obtained with the HIII and with the HIII covered with porcine scalp. In particular, maximum values of the linear/rotational acceleration, angular velocity, impact time and energy absorbed during the impact were compared.
RESULTS

Linear Impact
The linear acceleration undergone by the EN960 (continuous blue line) and by the EN960 covered with scalp (dashed red line) is shown in Fig. 4 in terms of average and standard deviation. The scalp reduces the peak acceleration by increasing the impact duration and the contact area. In the top impact there is a 17% reduction in terms of peak acceleration and an 11% increase in impact time; in the front impact an 18% reduction in peak acceleration with a 13% increase in impact time; the side impact showed a 20% reduction in peak acceleration and a 17% increase in impact time; and the rear impact showed a 26% reduction in peak acceleration and a 12% increase in impact time.
Values of the impact time, peak acceleration and energy absorbed during the impacts are shown in the bar charts (Fig. 5) in grey for the bare EN960 and in hatched pink for the EN960 covered with porcine scalp. It can be seen that the presence of scalp increases the impact time and reduces the peak acceleration. This led to a rise in the energy absorbed during the impact of 3% in top impacts, 19% in front impacts, 16% in side impact and 69% in rear impacts. The difference of energy absorbed during the impact between the EN960 and the EN960 + Scalp represents the energy absorbed by the scalp. Statistical analysis showed that there is statistical difference between EN960 and EN960 + Scalp in impact time, acceleration peak and energy absorbed during the impact for all the impact locations.
The statistical analysis conducted to compare the 1st, 2nd and 3rd tests performed on the same porcine scalp showed that there is no statistical difference in terms of peak acceleration, impact time and energy absorption. This led to the conclusion that if there was any damage to the scalp during each test, the effect on the results was small. The same scalp sample could therefore be reused three times.
Oblique Impacts
The bar chart in Fig. 6 shows the results of the oblique impact performed with the HIII and HIII + Scalp in three different locations (Yrot, Xrot and Zrot) in terms of peak resultant linear acceleration, peak resultant rotational acceleration, peak resultant angular velocity, impact time, energy absorption and percentage of energy absorption. In general, there is a reduction in terms of linear and rotational acceleration, and an increase in impact time and rotational velocity in the HIII + Scalp test but this is not always the case.
First Scenario
In this configuration, the presence of the scalp significantly reduced the linear peak acceleration with a reduction of 24% in Yrot, 25% in Xrot, and 32% in Zrot. The presence of scalp tissue affects the rotational acceleration with a significant reduction in Yrot and Xrot (by 70 and 16% respectively) but an increase of 51% in Zrot. The angular velocity is reduced by 52% in Yrot and increased by 74 and 92% in Xrot and Zrot respectively when the HIII is covered with scalp. The duration of the impact increases significantly with the presence of scalp in Xrot and Yrot but there is no statistical difference in Zrot. The energy absorbed during the impact is lower for the headform alone than the combined headform and scalp configuration. The difference represents the energy absorbed by the scalp. The scalp absorbs a noticeable percentage of energy in Xrot and Zrot (15 and 28% respectively).
Second Scenario
In this scenario, the helmet was added to the system. As expected, the presence of the helmet decreases the linear and rotational acceleration, the angular velocity and increases the impact time. The presence of the scalp between the HIII and the helmet further reduces the peak linear acceleration by 6% (Yrot), 13% (Xrot), and 19% (Zrot) respectively; the rotational acceleration reduces by 39% (Yrot), and 6% (Zrot) and increases by 7% (Xrot). The angular velocity shows a decrease of 38% in Yrot and an increase of 15 and 11% in Xrot and Zrot respectively. The duration of the impact always increases when the scalp is present. The energy absorbed by the headform is lower than in the first scenario, since the helmet is absorbing part of the energy, but there is a statistical difference between the HIII and the HIII + Scalp only in the Zrot where the presence of the scalp further reduces the energy absorbed by 10%.
Third Scenario
In this case sand paper was added to the surface of the anvil in order to reproduce a more realistic impact surface. The presence of the sand paper has only a small effect on the linear acceleration, the impact time and energy absorption, but substantially affects the rotational acceleration and the angular velocity. The presence of the scalp, in this case, reduces the peak linear acceleration by 3% (Yrot), 8% (Xrot) and 12% (Zrot); the rotational acceleration shows a decrease of 53% (Yrot), 58% (Xrot), and an increase of 28% (Zrot). The angular velocity shows a reduction of 67% (Yrot), 64% (Xrot) and an increase of 27% (Zrot). A statistical analysis revealed a significant difference in the values of rotational acceleration in Xrot and Yrot but not in Zrot, and a significant difference in the value of angular velocity.
Fourth Scenario
In this scenario the speed of the tests was increased to 6.5 m/s. The higher speed affects the linear and rotational acceleration, the angular velocity and the energy absorption. The presence of the scalp reduces the peak linear acceleration by 10% (Yrot), 10% (Xrot), and 32% (Zrot); the rotational acceleration shows the same behaviour with a reduction of 54% (Yrot), 49% (Xrot), and 44% (Zrot) with the presence of scalp tissue. With the presence of scalp, the angular velocity decreases by 32% (Yrot), 35% (Xrot), and 24% (Zrot). The energy absorbed by the headform increases in magnitude with respect to the previous scenarios but the relative improvement with the presence of the scalp stays the same, except in the Zrot where the difference is statistically significant. In this case, there is always a significant difference in terms of rotational acceleration and angular velocity when the HIII is covered with scalp.
DISCUSSION
Scalp tissue has a significant effect in head impact biomechanics, reducing the impact force experienced by the head. A general overview of the results shows that the scalp reduces the linear and rotational acceleration and increases the energy absorbed during the impact, but this is not always the case. A number of factors need to be considered when adding the scalp to an impact test: the mechanical properties of the scalp tissue, scalp-headform sliding interactions, scalp (or helmet)-impact surface sliding interactions and scalphelmet sliding interactions. Linear impacts were chosen in order to evaluate the effect of the mechanical properties of the scalp in an impact, while trying to minimise the effect of the sliding properties. Results showed that the presence of the scalp on the EN960 reduced the peak acceleration (up to 25%) and increased the energy absorbed during the impact (up to 69%) but that the effect of the scalp depends on the impact location.
The sliding interactions in head impacts have become a topic of interest in recent years, as many researchers argue that a lower scalp-helmet friction reduces the rotational acceleration experienced by the head during an impact 1, 15, 16 and others that the friction between the scalp and the helmet does not always reduce the rotational acceleration. 10, 11 In order to include the effect of the friction coefficient, oblique impact tests were conducted examining the effect of different impact surfaces and different speeds. In addition to the mechanical properties of the scalp, in the oblique impacts, the sliding properties play an important role. In this scenario there are different friction coefficients at play: scalp-skull friction, which is extremely low since in the human head the scalp can easily slide over the skull; 32 scalp-helmet friction; and helmet-impact surface friction. Considering the first test scenario, where there is no helmet present, the presence of the scalp results in a significant reduction in both linear and rotational acceleration, except for Zrot, where the impact kinematics are significantly different. The reduction in linear acceleration is mainly due to the mechanical properties of the scalp; however the significant reduction in rotational acceleration is due to the combination of mechanical properties and sliding properties. In the case of Zrot, there is a significant increase in rotational acceleration because the kinematics of the impact is altered. Analysing the videos of the impact (Fig. 7) , it is possible to see how different HIII/anvil friction and Scalp/anvil friction results in a different motion of the headform. The HIII touches the anvil and bounces almost perpendicularly from the anvil. The scalp, however, contacts the anvil and slides along it, due to the low scalp-anvil friction. This illustrates the very important role of the coefficient of friction between the outer layer of the headform (silicone/steel/helmet shell) and the impact surface (steel/rubber/sandpaper).
The objective of a helmet is to absorb energy and reduce the linear and rotational acceleration, and the angular velocity. Comparing the first and second test scenario, the effectiveness of the helmet is clear. The presence of the helmet reduces the relative effect of the scalp, since the helmet is designed to absorb energy and the speed, in this scenario, is only of 3.5 m/s. Adding sand paper to the anvil (third test scenario), however, increases the difference in rotational acceleration between the HIII and the HIII + Scalp. Comparing the second and third scenarios, it is possible to see how a low friction helmet-impact surface increases the sliding of the helmet over the impact surface but reduces the sliding of the helmet over the scalp, resulting in a small difference between the HIII and the HIII + Scalp. A higher friction helmet-impact surface (sand paper), instead, reduces the sliding of the helmet over the surface promoting the sliding of the scalp inside the helmet. This factor results in a larger difference in the impact mechanics between the HIII and HIII + Scalp, confirming the different friction properties of the HIII vinyl layer and the scalp tissue. The last test scenario illustrated the effect of the speed; higher speeds increase the linear/rotational acceleration and angular velocity peaks and increase the difference between HIII and HIII + Scalp. At 6.5 m/s and with sand paper on the anvil, the scalp significantly reduces the rotational acceleration and the angular velocity undergone by the head during the impact.
It has been previously observed in the literature that the HIII vinyl layer has a very high coefficient of friction, indeed, in an effort to reduce this friction, a number of NFL helmet studies have covered the vinyl layer with a nylon skullcap. 5, 7, 28 While perhaps this approach represents a headform-helmet sliding worst-case scenario, it does not offer a realistic analysis of the role of the scalp in head impacts, nor a quantitative measure of the energy absorbed by the scalp. Although the present study used frozen porcine scalp in place of human scalp, and the presence of hair was not considered (which could further reduce the scalp-liner friction), the results reported provide new insights into the role of the scalp in head impacts and its importance in both helmet impact testing and numerical head impact simulations.
CONCLUSION
It is clear that scalp tissue affects head impact biomechanics in a significant way. In general, the presence of the scalp reduces the linear/rotational acceleration (3-70% of reduction depending on speed, type of impact, presence of helmet, impact surface and impact location). However, oblique impacts showed that the friction coefficients of the scalp and the HIII vinyl layer are so different that it causes an important change in the motion of the impact (Fig. 7) . This has the effect of changing the rotational acceleration experienced by the headform (16-70% difference for oblique impact without helmet). Knowledge of both mechanical properties and sliding interactions of scalp tissue is therefore essential to better understand and simulate head impacts. Furthermore, the introduction of new standard helmet tests, which includes the effect of rotational acceleration, should pay close attention to the selection of an appropriate headform and its relative sliding properties.
This work showed the importance of a realistic scalp substitute in impact tests especially for oblique impact tests and how this can affect and improve helmet design. Future work should focus on the identification of a realistic scalp substitute or improved headform for oblique head impacts and on the study of the relevant sliding interactions in head impacts.
